
 

 

 
REPORT DOCUMENTATION PAGE 

 

 
Form Approved  

                           OMB NO. 0704-0188 

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comment regarding this burden estimates or any other aspect of this collection 
of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway, 
Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188,) Washington, DC 20503. 
1. AGENCY USE ONLY ( Leave Blank) 
 
 

2.  REPORT DATE           February 22, 
2005 
 

3.  REPORT TYPE AND DATES COVERED 
Final Report  06/01/01 � 11/30/04   

4.  TITLE AND SUBTITLE 
           
      The Role of Interfaces in the Fracture of Functionally Graded Materials 
 

5.  FUNDING NUMBERS 
      
DAAD19-01-1-0590 

6.  AUTHOR(S)   
Ivar Reimanis 
John Berger 

      
      
      

7.  PERFORMING ORGANIZATION NAME(S) AND  ADDRESS(ES) 
Colorado Center for Advanced Ceramics 
Colorado School of Mines 
1500 Illinois St.  
Golden, CO  80401               
         
      

8.  PERFORMING ORGANIZATION  
     REPORT NUMBER          
       
           

9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
 
    U. S. Army Research Office 
    P.O. Box 12211 
    Research Triangle Park, NC 27709-2211 
 

10.  SPONSORING / MONITORING 
       AGENCY REPORT NUMBER   
      
      
      4 2 6 2 6 . 1 - M S
      
      

11.  SUPPLEMENTARY NOTES 
      The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision, unless so designated by other documentation. 
 
12 a.  DISTRIBUTION / AVAILABILITY STATEMENT 
 
          Approved for public release;  distribution unlimited. 
 

12 b.  DISTRIBUTION CODE   
      
      
                    

13.  ABSTRACT (Maximum 200 words) 
                                                                                                                                                                                                                                                                           
          
        The research focuses on establishing conditions when interfaces between interlayers are important in governing fracture processes 
in composites with graded compositions.  A theoretical framework is sought that could ultimately quantify the role of interfaces when 
their presence dominates behavior.  Initial work is driven towards establishing general trends.  Experimentally, multilayer composites 
have been fabricated by several techniques that aim at modifying interface characteristics.  The competition between fracture at 
notches of particular depth parallel to the interface and interface fracture is examined.  A numerical model is being constructed to obtain 
crack tip and interface/free edge stress fields to better understand experimental trends.  Also, models are being devised to examine 
how the presence of the interface modifies the stress field of an edge crack parallel to the interface.   Experiments in which cracks are 
extended from notches placed near interfaces have been conducted utilizing optical moiré interferometry (conducted at INEEL).  The 
crack driving force and mode mixity as a function of type of interface and proximity to interface are being determined. 
          
          
14.  SUBJECT TERMS 
              
           

15.  NUMBER OF PAGES 
                         
                    

           
            

16.  PRICE CODE 
        
          

17.  SECURITY CLASSIFICATION 
       OR REPORT 

UNCLASSIFIED 

18. SECURITY CLASSIFICATION 
       ON THIS PAGE 

UNCLASSIFIED 

19.  SECURITY  CLASSIFICATION 
       OF ABSTRACT 

UNCLASSIFIED 

20.  LIMITATION OF  ABSTRACT 
 

UL 
NSN 7540-01-280-5500          Standard Form 298 (Rev.2-89) 
            Prescribed by ANSI Std. 239-18 

                                                    298-102   
 



 

 

Final Report 
ARO Grant # DAAD19-01-1-0590 

 
The Role of Interfaces in the Fracture of Functionally Graded Materials 

 
PIs:  Ivar Reimanis and John Berger 

Colorado School of Mines 
 
Statement of Problem Studied 
The research focuses on establishing conditions when interfaces between interlayers are 
important in governing fracture processes in composites with graded compositions.  A 
theoretical framework is sought that could ultimately quantify the role of interfaces when 
their presence dominates behavior.  Initial work is driven towards establishing general 
trends.  Experimentally, multilayer composites have been fabricated by several 
techniques that aim at modifying interface characteristics.  The competition between 
fracture at notches of particular depth parallel to the interface and interface fracture is 
examined.  A model was devised to examine how the presence of the interface modifies 
the stress field of an edge crack parallel to the interface.   Experiments in which cracks 
are extended from notches placed near interfaces have been conducted utilizing optical 
moiré interferometry (conducted at INEEL).  The crack driving force and mode mixity as 
a function of type of interface and proximity to interface were determined. 
 
Summary of the Most Important Results 
  
Efforts have resulted in progress in three main areas.  First, a significant effort has been 
directed to experimental methods for extracting crack driving forces for cracks near 
interfaces using optical moiré interferometry.  A challenge encountered was overcome by 
developing a new technique to extract fracture parameters from the experimental fringe 
fields.  The main problem was that the displacement data around the crack tip (used to 
extract the crack driving force, K) crosses the interface when the crack is very close to 
the interface.  There is no known technique to analyze this data across the interface; only 
methods for a data field in a homogeneous solid exist.  A new technique was developed 
using the method of fundamental solutions whereby moiré data across the interface could 
be used.  These experimental results indicate that in certain geometries (a ductile layer 
sandwiched between two brittle layers) the relative stability of a crack depends on its 
distance from the interface.  Furthermore, there are conditions under which the crack may 
propagate in mixed mode, though the crack is contained in a homogeneous brittle 
material.    
 
A second area of progress focused on processing composites of Nb and Al2O3 of various 
compositions.  Surprisingly, the mechanical properties of Nb/Al2O3 composites have 
never been evaluated.  Fracture testing has shown that there are no significant toughening 
mechanisms over the entire range of compositions, likely due to the presence of a glassy 
phase that forms during reaction between native niobium oxide and alumina.  An 
interesting discovery was the extreme difficulty in machining the composite specimens, 
considering their relatively low fracture toughness (5 � 11 MPa·m1/2):  Nb/Al2O3 



 

 

particulate composites are extremely wear resistant, and while they may be expensive to 
machine, they may be excellent in wear resistant applications.   
 
A third area of work has involved establishing the mechanics of interfaces in graded 
materials.  This involved the efforts of researchers in the Computer Science and 
Mathematics division at Oak Ridge National Laboratory (Dr. Leonard Gray) and a 
student at Mines (Mr. Adam Goodworth) who analytically calculated the singularity 
resulting when a bimaterial interface contacts a free surface by a new method.  He 
applied these calculations to an interface for Cu-W composites and found that the zone 
where the singularity dominates is typically too small to have a significant impact on 
extension behavior of a crack near the interface.The result is encouraging in the sense 
that it implies a simplification of near-interface crack studies. 
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